Cotton (Gossypium hirsutum L.) fiber (seed hair) is a differentiated single epidermal cell of the seed coat. Fiber growth occurs in four phases: initiation, elongation, secondary cell wall thickening, and maturation. Each of the developmental phases overlaps the succeeding phase and the duration of each phase is temperature and genotype dependent. Three cell wall layers, namely the cuticle and the primary and secondary cell walls, are laid down during the first three phases of growth. Cuticle development occurs throughout fiber elongation, and the primary and secondary cell wall synthesis and depositions overlap. The first layer of the secondary wall (Sl) appears to be a transition layer between the primary wall and the oriented fibrils (
Cotton (Gossypium hirsutum L.) fiber (seed hair) is a differentiated single epidermal cell of the seed coat. Fiber growth occurs in four phases: initiation, elongation, secondary cell wall thickening, and maturation. Each of the developmental phases overlaps the succeeding phase and the duration of each phase is temperature and genotype dependent. Three cell wall layers, namely the cuticle and the primary and secondary cell walls, are laid down during the first three phases of growth. Cuticle development occurs throughout fiber elongation, and the primary and secondary cell wall synthesis and depositions overlap. The first layer of the secondary wall (Sl) appears to be a transition layer between the primary wall and the oriented fibrils (S2) of the secondary wall. This transition layer is termed the "winding layer," and it has a wider fibril angle than S2 layers. In addition, the S1 fibril helix is opposite to that of the following S2 layers (reviewed by Flint, 1950; DeLanghe, 1986) . Fiber initiation is triggered by plant hormones such as auxins and GAs (reviewed by Kosmidou-Dimitropoulou, 1986) . Cell elongation, the next developmental stage, is driven by osmotic pressure created in part by high concentrations of potassium malate in a central vacuole (Dhindsa et al., 1975) . The elongation phase often lasts up to 25 DPA, * Corresponding author; fax 1-608-836-9710. and in some cultivars the final fiber cell is about 3 cm in length. Synthesis of the primary cell wall is completed during the initiation and elongation phases. The primary cell wall is made up of pectic compounds, cellulose, and small amounts of protein (Meinert and Delmer, 1977; reviewed by Basra and Malik, 1984) .
During the secondary-cell-wall-thickening stage (15 to 40 DPA), cellulose, in the form of fibrils oriented at an acute angle to the long axis of the cell, is deposited. The secondary cell wall consists predominantly of cellulose. The detailed structure of cotton fiber cellulose microfibril is not known. However, studies have been carried out on the alga Valonia macrophysa, and the results are thought to closely parallel the situation in cotton fiber (Sugiyama and Harada, 1986) . From these and similar studies it appears that crystalline cellulose microfibrils are embedded in a matrix composed of noncrystalline cellulose, other polysaccharides, and unidentified compounds (Preston, 1986; Sugiyama and Harada, 1986; Zahn, 1988) . Thus, the possibility that fiber secondary cell walls are composed of crystalline cellulose microfibrils bound together by amorphous interstitial molecules would suggest that other components, including proteins, may be present.
Although there has been considerable progress in the elucidation of cellulose synthesis in the Gram-negative bacterium, Acetobacter xytinum, the process has not been studied in detail in plants (for review, see Delmer et al., 1985; Ross et al., 1991) . Cellulose, @-(1,4)-glucan, is synthesized from uridine diphosphoglucose by membrane-bound cellulose synthase. An activator of cellulose synthase, cyclic diguanylic acid, has been identified (Ross et al., 1987) . The intracellular process leading to polymerization and deposition of cellulose may involve Golgi bodies and the plasmalemma (Robinson and Preston, 1972) .
Various enzymes taking part in the formation and modification of cell walls have been identified from large numbers of plants. Pro-, Gly-, and Tyr-rich cell wall structural proteins have been identified and their possible functions elucidated. Enzymes such as peroxidases, laccases, and various hydrolases and transferases have been characterized (Lamport, 1977; Showalter and Varner, 1989; Carpita and Gibeaut, 1993; Showalter, 1993) . Nevertheless, our understanding of cotton fiber cells, the premier natural fiber for textile applications, remains poor. Characterization of Plant Physiol. Vol. 108, 1995 the proteins involved in fiber development, cell wall formation, cellulose synthesis, and deposition is limited. In an attempt to isolate genes important for fiber development we have characterized an mRNA for a Pro-rich fiber protein. Its primary structure, developmental regulation, and tissue specificity suggest that it may have functions in fiber development and secondary cell wall deposition.
MATERIALS AND METHODS

Plant Materiais
Cotton plants (Gossypium hirsutum L. cv Coker 312) were grown in a greenhouse. Fiber was collected from bolls of different developmental stages as determined by tagging the flowers on the day of anthesis. Flowers were collected on the day of anthesis and used after removing bracts. Plant materials were quick-frozen in liquid nitrogen and stored at -7OOC until their use in RNA or DNA preparation according to published procedures (John and Crow, 1992) . Construction of complementary DNA libraries and screening as well as hybrid-selected RNA translation and product analyses were done as described previously (John and Crow, 1992) .
RNA Blot Analysis
For northern blot analysis, RNA was dissolved in a denaturing buffer (3.8 M formaldehyde; 50% formamide; 20 mM Hepes, pH 7.8; 0.2 mM EDTA; and 10% glycerol) and heated to 65°C for 2 min. The gels were run in 1.9 M formaldehyde, 20 mM Hepes (pH 7.8), and 0.2 mM EDTA.
In vitro transcribed RNAs were used as standards for quantification of H6 transcripts in total fiber RNA. cDNA inserts were cloned into a Riboprobe vector (pGEM5Zf; Promega) and defined-length transcripts of known specific activity ([3H]CTP, 30 Ci/mmol; Amersham) were produced by T7 or SP6 polymerase. These standards were run along with total RNA and the northern blot was hybridized to pCK-H6. Nick translations of DNA fragments were carried out using a kit from BRL and [32PldCTP (600 Ci/ mmol, DuPont). Filters were washed in buffers of varying concentrations of SSC ( I X SSC = 0.15 M NaC1; 0.015 M sodium citrate, pH 7.0) that contained 1 mM EDTA and 0.2% SDS at 54°C for 20 min each as follows: two washes in 2X SSC, two washes in 1 X SSC, two washes in 0.5X SSC, and a final wash in 0.1X SSC.
Primer Extension Analysis
Primer extensions of RNAs were done essentially as described by Dean et al. (1987) . Oligomers were labeled with [32P]y-ATP (3000 Ci/mmol, DuPont) using T4 polynucleotide kinase (Boehringer). The primer-RNA hybridization reaction contained the following: 250 mM KCl; 2 mM Tris, pH 7.9; 1.5 FL of RNAsin (Promega); 1 mM DTT; 3 pg of poly(A)+ RNA; and 0.2 pmol of primer in a volume of 10 pL. Hybridization was carried out for 4 h at different temperatures based on the calculated dissociation temperature (Dean et al., 1987) . Hybridized primer was extended using Moloney murine leukemia virus reverse transcriptase (BRL), and products were analyzed with a 6% sequencing gel (Ausubel et al., 1987) . Cloning of the extended product was carried out as described by John and Crow (1992) . Sequence analysis of clones was done by Lofstrand Labs Limited (Gaithersburg, MD). Computer analysis of sequence data was done with the Genetics Computer Group (Madison, WI) sequence analysis software package.
A full-length H6 cDNA (pH6-PCR) was generated by PCR using two primers. The first-strand synthesis was primed by the oligomer, ATC TTA AGC TTT CAC ACG GGT TGT GGC G-, and the second-strand synthesis was primed by TTA AAC CAT CAG ATT GAG CAG AGC CC. The PCR product was then cloned and its identity confirmed by restriction and sequence analysis. The insert of pH6-PCR was subjected to TNT (Promega) according to the instructions supplied by the manufacturer. Radiolabeled proteins were displayed by SDS-PAGE and fluorography.
lmmunoblotting
To raise an antibody against H6 protein, a synthetic peptide (CAPTLGAATPGPAGTDTSGAN) was synthesized by Immuno Dynamics (La Jolla, CA). The sequence of the peptide, except for the N-terminal Cys, was derived from the nucleotide sequence of the H6 cDNA. The peptide was conjugated to keyhole limpet hemocyanin and antibodies were raised in rabbit (No. 235B). The antiserum was purified by chromatography on a Pharmacia HiTrap Protein G affinity column. Immunoprecipitations and western analyses were carried out as described by John and Crow (1992) . Soluble fiber proteins were isolated by extracting fibers with 40 miv Tris-HC1, pH 6.9; 50 mM p-mercaptoethenol; 10 mM EDTA; 25 pg/mL PMSF; 0.1% soluble PVP; and 5% glycerol. Protein concentrations were measured by the method of Bradford (1976) . For western analysis, proteins were separated on SDS-PAGE (10%) and transferred to nitrocellulose by electroblotting. An alkaline phosphatase-linked immunodetection system (ProtoBlot I1 AP; Promega) was used to localize the antibody reaction.
FPLC Analysis
Size-exclusion chromatography was performed on a Pharmacia FPLC system with a Superdex 75 HR 10/30 column. Calibration of the column was carried out with the Pharmacia low mo1 wt protein kit. Proteins were eluted in 50 mM sodium phosphate (pH 7.5), 150 mM NaCl at a flow rate of 1.0 mL/min. Collected fractions (0.5 mL) were analyzed by SDS-PAGE (10%) and stained with Coomassie blue. Radiolabeled TNT reaction mixtures were applied to the column and fractions and analyzed by SDS-PAGE (10%) followed by autoradiography.
RESULTS ldentification and Characterization of the Fiber-Specific cDNA Clone pCK-H6
A cDNA library (1.5 X 104 clones) constructed from poly(A)+ RNA of 15-DPA fibers of cotton cv Coker 312 (G. hirsutum) was screened using 32 P-labeled cDNAs from leaf, 0-DPA ovule, flower, and root. Two hundred fifty clones that did not hybridize with any of the above tissue probes were then further screened with cDNAs of 15-and 24-DPA fiber poly(A) + RNAs. From those clones that hybridized to fiber cDNA probes, duplicate clones were eliminated by cross-hybridizations. Finally, five clones were selected for further study. The detailed characterization of one of the clones, pCK-H6, and its primer-extended clone, pCKH6-10, is presented here.
Tissue-specific expression of pCK-H6 was investigated by northern analysis as shown in Figure No substantive differences were observed among these varieties in terms of H6 RNA expression. However, the insert of pCK-H6 showed no hybridization to leaf RNAs of soybean, corn, or tobacco or tobacco petal RNA (not shown).
Both strands of the insert of pCK-H6 were sequenced and found to contain 481 bp. To clone the remaining portion of the mRNA, primer extension was performed using the oligonucleotide TCAATGGTGTTTGTACTGGA. The primer is located 120 bases from the 5' end of pCK-H6. Analysis of the extended primer showed a product 550 bases long (not shown). The primer-extended product was cloned (pCKH6-10) and subsequently sequenced. As expected, overlapping sequences were found between pCK-H6 and pCKH6-10. The combined sequences of pCK-H6 and pCKH6-10 are shown in Figure 2 . Plant Physiol. Vol. 108, 1995 sequence homology to any known genes, including those coding for Pro-rich cell wall proteins (Chen and Varner, 1985; Corbin et al., 1987) . Hydrophilicity plots of the nucleotide-derived amino acid sequence of H6 mRNA showed a hydrophobic N-terminal region similar to those observed for other Pro-rich cell wall proteins (Fig. 3) .
Developmental Regulation of H6 mRNA
To follow the transcript levels of H6 RNA during the development of the fiber cell, we hybridized the cDNA clone to a northern blot containing constant amounts of total RNA from fibers of various developmental stages. RNA corresponding to pCK-H6 is absent or very low in 0-DPA ovules (see ovule lane in Fig. 1 ). Its concentration begins to increase after anthesis and continues to increase through 22 DPA before declining in 24-DPA fibers (Fig.  4A ). This finding was confirmed in a second batch of plants. An estimation of the H6 RNA level in total RNA was made by comparison of hybridization to known amounts of in vitro synthesized The graphs show the distribution of local hydrophilicity along the protein sequences. Amino acid sequences derived from nucleotide data for the H6 cDNA clone pCK-H6, carrot extensin clone pDCSAI (Chen and Varner, 1985) , and an extensin-like molecule of Chlamydomonas reinhardtii (Woessner and Goodenough, 1989) were subjected to hydrophilicity profile analysis by the MacVector computer program. The amino acid hydropathy scale used is that of Kyte and Doolittle with a window size of 7. The values above the axis denote hydrophilic regions, and those below the axis show hydrophobic regions. The hydrophobic regions tend to be buried inside the membranes. and 10 and 100 pg of in vitro synthesized (C) H6 transcripts were run on agarose/formaldehyde gels and transferred to nitrocellulose. The blot was hybridized to 32 P-labeled pCK-H6 and washed under stringent conditions. Quantification of the autoradiographic signals was done on a scanning densitometer (GS300; Hoefer Scientific Instruments, San Francisco, CA) and analyzed by Hoefer GS360 software.
Identification of H6 Protein in Fibers
Based on the nucleotide-derived amino acid sequence, a synthetic peptide was synthesized and used to raise antibody in rabbit No. 235B. Preimmune serum from rabbit No. 235B was not available, but the following results demonstrate that No. 235B antiserum specifically recognizes H6 protein. In western blots the antiserum reacted with the H6 synthetic peptide and not with an unrelated 21-amino acid synthetic peptide (E6 peptide; John and Crow, 1992) . We also tested preimmune serum from a different rabbit, No. 233, for reactivity with H6 and E6 peptides and found none (Fig. 5A) .
To confirm the authenticity of the H6 antibody reaction, we generated a full-length H6 cDNA clone (pH6-PCR) by PCR and subjected the clone to in vitro TNT in rabbit reticulocytes. The radiolabeled proteins were then size fractionated by SDS-PAGE and found to contain a single peptide with an electrophoretic mobility corresponding to a protein of 55 kD (Fig. 5B, lane 1) 
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-63---46- a 55-kD protein (Fig. 5B, lanes 2 and 3) . H6 synthetic peptide competed with radiolabeled proteins (lane 4), whereas E6 synthetic peptide had no effect on immunoprecipitation (lane 5). These results suggest that No. 235B antiserum recognizes an epitope in the 55-kD protein encoded by pH6-PCR. Even though the calculated molecular mass of H6 protein is only 21 kD, the antibody recognizes a protein with an apparent molecular mass of 55 kD. Next we tested the antibody against in vitro translated fiber mRNAs. A 55-kD protein was immunoprecipitated (Fig.  5C ).
To further confirm that the 55-kD protein from the in vitro translation mixture corresponds to the H6 cDNA clone, we selected cotton fiber mRNA corresponding to pCK-H6-10 by hybridization. The hybrid-selected mRNA was translated in rabbit reticulocyte lysate in the presence of [ 35 S]Met. In duplicate experiments, plasmid pBR 322 was used as a control. The translation products were displayed by SDS-PAGE and showed a protein of 55 kD for H6 cDNA, whereas no proteins were visible for pBR 322 (Fig.  5D) .
Taken together, these results confirm that No. 235B antibody specifically recognizes a 55-kD protein containing amino acid sequence of the synthetic peptide. Furthermore, this protein is encoded by the clone pCK-H6-10 as well as fiber mRNAs.
The disparity in the molecular mass based on nucleotide sequence and SDS-PAGE could be due to the high content of secondary amino acid Pro. Such anomalies in electrophoretic behavior have also been reported for other Pro-or Gly-rich proteins (Stiefel et al., 1988; Kieliszewski et al., 1990) . For example, a Pro-rich Zea mays cell wall protein (MC56) was shown to have an apparent molecular mass range of 50 to 70 kD, whereas the sequence-derived value was only 29 kD (Stiefel et al., 1988) . To assess the molecular mass of the H6 protein by means other than electrophoresis, we performed size-exclusion chromatography on a Pharmacia FPLC. The column was calibrated with globular protein standards in the range of 13.5 to 67 kD. In vitro synthesized (TNT; Promega) H6 protein from clone pH6-PCR was applied to the column. The H6 protein eluted as a broad peak (Fig. 6) . Relative to the elution of globular protein standards, the molecular mass of H6 is estimated to be in the range of 77 to 83 kD. Since the size and shape of the molecule influence its passage through the column, it is likely that conformation of the H6 molecule causes the aberrant chromatographic behavior. Many of the Pro-rich proteins are known to have rod-like conformations. Exten- (John and Crow, 1992) , and luciferase (Luc; Promega) were purified by passage through a Sephadex G-50 column before being applied to the sizeexclusion column. Fractions (0.5 mL) were collected and analyzed by SDS-PACE (10%) and fluorography. The molecular masses of H6 and extensin were then determined from the corresponding elution volumes based on a calibration curve. The inset shows labeled H6 protein in four fractions. The numbers indicate elution volumes (mL).
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sin is rod like with a polyproline-II helix, which is in part due to the periodic pentapeptide Ser-(Hyp) 4 (Lamport, 1977) . A Z. mays Thr-rich extensin has been shown not to be in a polyproline-II conformation but to exist as a flexuous rod (Kieliszewski et al, 1990) . To compare the elution patterns of H6 and extensin on the Superdex 75 HR column, in vitro synthesized carrot extensin from TNT reactions (extensin clone pDCSAl in Chen and Varner, 1985; John and Crow, 1992) was subjected to FPLC analysis. The chromatographic pattern of extensin was similar to that of H6. The molecular mass of extensin, based on size-exclusion column analysis, was in the range of 77 to 83 kD, although its nucleotide-derived value was only 34 kD (Fig. 6) .
Next we analyzed H6 proteins in developing fibers. Preliminary studies showed that 23-DPA fiber proteins extracted with aqueous buffers (Tris-HCl, 0-mercaptoethanol, EDTA, PMSF, PVP, glycerol) reacted with No. 235B antiserum. These experiments were repeated with 5-, 10-, 15-, 20-, 25-, 30-, 35-, and 40-d fibers, and the proteins were analyzed by western blotting using both No. 235B and preimmune serum No. 233. The immune serum cross-reacted with a 65-kD protein in 15-through 40-d fibers, whereas the preimmune serum did not (Fig. 7, A and B) . The H6 protein was detected in 15-DPA fibers and appeared to increase through 30-d fibers before declining in 35-and 40-d fibers. The 65-kD band was not visible after the addition of excess synthetic H6 peptide to the No. 235B antiserum (not shown). H6 protein was not present in 5-or 10-d fibers, although northern blot analysis clearly showed that H6 RNA was present in 10-d fibers (Fig. 4) . This was confirmed by immunoprecipitating H6 protein from in vitro translated RNA isolated from developing fibers (Fig.  7C) . The molecular masses of in vitro and in vivo synthesized H6 proteins differed by 10 kD. This was confirmed by western blot analysis of H6 proteins from fiber and the TNT reaction. The TNT reaction mixture containing radiolabeled H6 protein was run on SDS-PAGE gels along with proteins extracted from 15-d fibers and blotted. The blot was reacted with H6 antiserum to detect the in vivo synthesized H6 protein, and subsequently, the TNT-produced protein was detected by autoradiography. These results showed that the molecular mass of the TNT-produced protein was 55 kD, whereas the in vivo synthesized protein was 65 kD (Fig. 8, A and B) .
DISCUSSION
Numerous Pro-rich proteins with potential functions in cell wall architecture and assembly have been identified from plants. This superfamily includes HRGPs, AGPs, and solanaceous lectins, and these are classified as such based on their structural and functional properties (for review, see Showalter and Varner, 1989; Showalter, 1993) . The lectins are mostly confined to the family Solanaceae and will not be discussed further. Classification of H6 as an HRGP or AGP may help to explain its function. The occurrence of pentameric Pro-rich motifs [Ser (Hyp)J was first elucidated for extensins, a member of the HRGP group (Lamport, 1977; Showalter and Varner, 1989) . In addition, the generally basic extensins contain an abundance of Tyr and Lys residues and are glycosylated through the attachment of Ara and Gal to Hyp and Ser residues, respectively. Upon secretion into the cell walls, extensins become insolubi- lized, possibly through the formation of intermolecular isodityrosine cross-links by a peroxidase/ascorbate system and may play structural roles in plant cell walls (Showalter and Varner, 1989; Showalter, 1993) . Some HRGPs are produced in response to infection by nitrogen-fixing bacteria (Govers et al., 1991) . High ionic strength is required for solubilization of extensin and HRGPs.
AGPs have been found in every taxonomic group tested, including cotton, and tissue-specific expression has been documented in a few cases. Carbohydrates such as D-Gal and L-Ara account for most of the weight of the AGPs. The amino acid composition of a number of AGPs shows that they are poor in Tyr and Lys residues and rich in Pro, Ala, Gly, Ser, and Thr (reviewed by Showalter and Varner, 1989; Showalter, 1993; Carpita and Gibeaut, 1993) . They are highly soluble in low ionic strength buffers and are thought to be constituents of the extracellular milieu. The biological functions of AGPs are not well defined, but their properties are compatible with their proposed functions as lubricants, glues, humectants, or cell surface attachment sites for wall matrix polysaccharides (Pennell et al., 1989; Showalter and Varner, 1989) .
Although H6 contains a pentapeptide repeat unit, Ala (or Ser)-Thr (or Ser)-Pro-Pro-Pro, reminiscent of the Ser-ProPro-Pro-Pro repeat of the extensins, it does not fit into the general class of extensins or HRGPs. HRGPs are rich in Pro, Ser, Lys, and Tyr residues. The absence of Tyr residues in H6 rules out the possibility of isodityrosine cross-link formation, a characteristic of some extensins. It is also poor in Lys (1.4 mo1 %) residues. The predominant amino acids in AGPs are Pro, Ala, Ser, and Thr (59-74 mo1 %; Showalter and Varner, 1989) . In this respect H6 protein compares very favorably with AGP composition (Pro plus Ala plus Ser plus Thr = 73.0 mo1 %). Moreover, H6 is readily soluble in low-salt buffers, whereas extensins and HRGPs require high ionic strength. Therefore, cotton H6 protein is not a typical extensin or HRGP-like protein, and its characteristics appear to be more like those of AGPs. Some of the Pro residues in Pro-rich proteins can be posttranslationally hydroxylated to form Hyps. It is possible that the Pro residues in H6 protein are also hydroxylated. Many of the Hyp and Ser residues in HRGPs are linked to Ara and Gal, respectively. The presence of carbohydrate moieties in H6 protein has not been studied; however, the difference in the electrophoretic mobilities of in vitro synthesized and fiberextracted H6 proteins suggests that there are some posttranslational modifications.
Cotton fiber does not appear to contain proteins with significant sequence similarity to carrot extensins. The carrot extensin gene showed no hybridization to fiber mRNA (John and Crow, 1992) . Moreover, antisera for glycosylated and deglycosylated carrot extensin (gifts of Drs. J.E. Varner and L.A. Staehelin) showed no specific reactivity to fiber proteins. Based on sequencing studies of large numbers of the fiber-specific cDNA clones, it appears that H6 may be the major Pro-rich protein in fiber (M.E. John, unpublished results) .
H6 gene activity appears to be regulated at various levels. H6 RNA is detected only in fiber cells, and thus the gene transcription is regulated at the cell-specific level. H6 gene activation occurs early during the primary-cell-wallsynthesis stage, and 10-to 25-DPA fibers contain H6 RNA that can be translated in in vitro systems. Yet the H6 proteins appear only in 15-d and later stage fibers, suggesting a translational regulation. Thus, it is possible that H6 gene expression is regulated at both the transcriptional and translational levels.
Cellulose deposition in fibers during early primary-cellwall synthesis is fairly constant. The rate increases between 14 and 17 DPA and then decreases. A second greater increase is observed between 20 and 27 DPA and then declines (Meinert and Delmer, 1977) .
The presence of H6 protein during the active periods of secondary cell wall deposition may be an indication of its function in the wall matrix assembly. A number of reports have shown that some AGPs are involved with plasma membranes (Pennell et al., 1989; Norman et al., 1990; Carpita and Gibeaut, 1993) . Pennell et al. (1989) used a monoclonal antibody to demonstrate AGP-related glycoproteins associated with the extracellular face of carrot suspension cell plasma membranes (Pennell et al., 1989) . They speculated that these AGPs may function as receptors for wall matrix molecules. The presence of H6 protein coincides with the active synthesis and deposition of cellulose in cotton fibers. Thus, it is possible that AGPs, including H6, may fulfill functions associated with secondary cell wall matrix assembly in fiber. Another possible function is that of a humectant. Fibers undergo gradual dehydration during the later part of development. H6 could function to retain moisture and protect membranes from desiccation.
